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fects: (i) standard Kahler moduli-dependent non-perturbative effects from gaugino condensation on 

r_j ' D7-branes or E3-instantons wrapping four-cycles in the geometric regime; (iz) dilaton-dependent 

^\| ■ non-perturbative effects from gaugino condensation on space-time filling D3-branes or E(-l)- 

instantons at singularities. For the LARGE Volume Scenario (LVS), the new dilaton-dependent 
non-perturbative effects provide a positive definite contribution to the scalar potential that can 

^^ . be arbitrarily tuned from fluxes to give rise to de Sitter vacua. Contrary to anti D3-branes at 

C^ , warped throats, this term arises from a manifestly supersymmetric effective action. In this new 

scenario the 'uplifting' term comes from F-terms of blow-up modes resolving the singularity of 
the non-perturbative quiver. We discuss phenomenological and cosmological implications of this 
mechanism. This set-up also allows a realisation of the LVS for manifolds with zero or positive 
Euler number. 
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1. Introduction 

Non-perturbative effects play a very important role in the study of low-energy implications of string 
theory. In the past few years a very good understanding of these effects has been achieved despite 
the absence of a fully non-perturbative formulation of the theory. Much progress has been made on 
the origin, structure and computability of these terms in the effective field theory at low energy and 
weak coupling. D-branes and their Euclidean counterparts generalise the role of non-perturbative 
effects (gaugino condensation and instantons) in field theories. 

In IIB string compactifications to four dimensions with J\f — I supersymmetry and 03/07- 
planes, there are two known ways to generate non-perturbative effects [|l|: 

• by gaugino condensation in the field theory living on D7-branes or Euclidean D3-brane (E3) 
instantons wrapped on geometric four-cycles; 

• by gaugino condensation on spacetime-fiUing D3-branes or Euclidean D(-l)-brane (E(-l)) 
instantons at singularities. 

The corresponding gauge kinetic function is determined in the first case by the Kahler modulus T 
controlling the size of the wrapped four-cycle whereas in the second case by the dilaton field S and 
the blow-up mode Q resolving the singularity. 



Despite being very much suppressed at weak coupling, non-perturbative effects are nevertheless 
relevant as corrections to the superpotential W due to non-renormalisation theorems that keep 
nominally higher-order contributions from contributing. For instance, symmetries forbid the ap- 
pearance of the Kahler moduli in W at any order in perturbation theory and so their appearance 
in W is necessarily purely non-perturbative. For the simpler constructions normally considered the 
non-perturbative superpotential coming from these two types of mechanisms can be written as: 

T^„p = ^A,e-'^'(^'+"'(^)^)+i3e-^(^+"^«^), (1.1) 

i 

where the prefactors Ai and B are in general functions of the complex structure moduli and the 
open string moduli (D7-deformation and DS-position moduli). The constants ai and b are given by 
Ui — 211 /Ni and h = 2Ti/Nb where, in the case of gaugino condensation, Ni — /3i/3 and Ni, — /3f,/3 
with Pi and Pb the one-loop beta function coefficients of the condensing gauge theories, while, in 
the case of instantons, Ni = N^ = 1. 

The quantities hi (J-") and hj are non-zero in the presence of a non- vanishing magnetic flux J- 
on the world-volume of a D7-brane or if a stack of D3-branes is placed at a singularity. In this 
way chiral matter is generated in the low-energy theory. More precisely, for flux on a D7-brane 
the Kahler moduli get charged under the anomalous U{1) and the gauge kinetic function /,; gets 
a flux-dependent shift hi{T) that introduces a new dependence on the dilaton, modifying it from 
/,; — Ti to fi = Ti + h{Fi)S. On the other hand, for D3-branes at a singularity the blow-up modes 
Qj resolving the singularity get charged under the anomalous U{1) and the gauge kinetic function 
receives extra contributions of the form f — S + hjQj where hj are constants proportional to the 
t/(l)-charge of the blow-up modes. In both cases the coefficients Ai and B must also depend on 
charged matter fields in order for W to be gauge invariant. 

To date only the Ti dependent part in Wnp has been used for modulus stabilisation. However, 
there is no reason to assume B = and therefore also the 5'-dependent term in Wnp has to be 
included unless it can be argued to be subdominant. One of the main points of this article is to 
explore the implications of these non-perturbative effects for modulus stabilisation. 

We here study their inclusion within the context of the LARGE Volume Scenario (LVS) g], 
which provides a concrete and controlled realisation of modulus stabilisation in flux compactifi- 
cations of IIB string theory. The mechanism used in the LVS is very generic [^ and shows that 
the natural minimum of the leading contributions to the scalar potential corresponds to (non- 
supersymmetric) anti de Sitter (AdS) 4D spacetime with exponentially large volume. As for other 
stabilisation scenarios it is necessary to seek uplifting mechanisms that can lift the minimum to flat 
or de Sitter (dS) vacua, and it has been assumed that this can be realised in a similar manner as in 
the KKLT scenario |^ , where an anti D3-brane is located at the tip of a highly warped throat in the 
extra dimensions. The anti-brane provides a positive-deflnite contribution to the scalar potential 
and the warping can be adjusted to explicitly tune the minimum to have a small positive vacuum 
energy. 

The use of anti-branes in this way raises standard concerns about control over the approx- 
imations used to compute the low-energy effective held theory, due to the explicit breaking of 
supersymmetry by the anti-brane. For the LVS there is also an additional challenge regarding 



whether an exponentially large volume is consistent with a large warping. We address this issue 
when we describe LVS models in the first part of this article, and identify the domain of validity 
for which both are consistent. 

A second uplifting proposal obtains de Sitter vacua from D-terms produced by magnetised 
branes |^, |6[ . We review this proposal to restate the criteria required to obtain a viable uplift- 
ing term from a localised magnetic flux turned on a stack of branes wrapping a large four-cycle. 
Moreover we also show that fibred Calabi-Yau manifolds open up the possibility of achieving de 
Sitter vacua from the interplay of D-terms and string loop corrections to the Kahler potential (and 
possibly warping). 

Our main result is to introduce a novel fully supersymmetric mechanism for obtaining dS 
solutions in the LVS. This mechanism is based on the presence of the dilaton-dependent non- 
perturbative effects discussed above, either from gaugino condensation on D3-branes or E(-l)- 
instantons at singularities. We show that the corresponding non-perturbative superpotential can 
give rise to a positive contribution to the scalar potential which differs from the one arising from 
Kahler moduli-dependent non-perturbative effects, as previously considered in KKLT and LVS. 
These dilaton-dependent non-perturbative effects have never been considered in the context of 
modulus stabilisation even though non-perturbative superpotentials at a singular locus have been 
discussed in the past as potential string theory realisations of dynamical supersymmetry breaking 
and gauge mediation ||, g, |l^, |l^ . 

We find that combining such a positive contribution with the standard LVS scalar potential 
gives an uplifting term very similar to the one produced by warped anti D3-brane tension, thereby 
giving rise to dS vacua in a fully supersymmetric set-up. The fields whose F-terms are responsible for 
the realisation of dS vacua are the blow-up modes resolving the singularity of the non-perturbative 
quiver. Moreover these S'-dependent non-perturbative effects, when combined to string loop cor- 
rections to the Kahler potential, can provide a realisation of the LVS also for manifolds with zero 
or positive Eulcr number. 

This paper is organised as follows. In section |2| we review the LVS framework and discuss 
various ways to obtain de Sitter vacua in this setting: uplifting by anti-branes in highly warped 
throats and D-terms. Readers familiar with the LVS can safely skip this section. Then in section 
1^ we analyse the effect of dilaton-dependent non-perturbative effects which provide a novel way to 
realise de Sitter solutions. This is the main result of the paper. Furthermore, we show that these 
new effects can also give rise to new LVS for Calabi-Yau three-folds with positive Euler number 
due to their interplay with string loop corrections to the Kahler potential. In section ^ we discuss 
phcnomcnological and cosmological implications of this new scenario, and finally conclude in section 
H. Appendix H is devoted to the study of the effect of loop induced field redefinitions on the form of 
the scalar potential while in appendix ^ we analyse the subcase with only non-perturbative effects 
at the singularity. 

2. Review of LVS de Sitter vacua 

In this section we give a brief review of the basics of the LVS whose main feature is the emergence 
of a non-supersymmetric AdS minimum at exponentially large value of the internal volume. We 



will then discuss the main ideas that have been put forward to obtain de Sitter solutions within the 
LVS framework working out the conditions under which this can achieved either via anti-branes in 
highly warped throats or D-terms. 

2.1 LVS in a nutshell 

The LARGE Volume Scenario corresponds to a concrete mechanism of modulus stabilisation on 
orientifolded Calabi-Yau compactifications of type IIB string theory. The dilaton and complex 
structure moduli are fixed by turning on fluxes of the complex three-form G3 = F3 + iSH^ where 
FsjHs are the Ramond-Ramond and Neveu-Schwarz three-forms and S = e~'^ + iCo with <j), Co 
the dilaton and axion fields of the lOD theory |1^. The quantisation of the fluxes gives rise to the 
discrete landscape of minima. The Kahler moduli are stabilised by a combination of perturbative 
and non-perturbative effects. The perturbative effects correspond to the leading order term in 
the expansion in inverse overall volume V of the a' corrections which compete with the leading 
order non-perturbative effect in a blow-up modulus t^ , leading to the stabilisation at V ^ 6°"^= . 
The constant a is fixed by the nature of the non-perturbative effect that can be either gaugino 
condensation on D7-branes or a Euclidean D3-instanton. 

It was long thought that this kind of stabilisation was impossible, due to the obstacle identified 
long ago by Dine and Seiberg |l3] that states that the natural vacuum cannot be analysed in 
weak coupling since the potential then arises as a series in the coupling constant, which is a field 
(the dilaton). But then dilaton stabilisation requires a competition among different orders in the 
weak-coupling expansion, and so cannot be understood within such an expansion. 

This objection is overcome in the LVS by realising that in string theory there are actually 
a number of independent expansions at play, instead of only the one implicitly assumed in |13| . 
Besides the string coupling, there are also expansions in inverse powers of all of the various large 
moduli of the background geometry, of which there can be very many. Even though the minimum 
identified in the LVS is very generic [^ |lj], the simplest realisation is for an orientifold of the 
^fi 1 1 6 91 Calabi-Yau having two Kahler moduli t^, t^ and volume V — t^^ — Ts . The simplest 
set-up then gives rise to an effective field theory determined by a Kahler potential of the type: 



^^Arr-rT^W. (2.1) 





with C, = C/ffs , and a superpotential: 

VF = Wo + Ae-'*'^=. (2.2) 

Here Ts = r^ + i-i/jj and Tb = Tb + iipb are the complex moduli for Ts and Tb- 

After stabilising the axion-like fields, ips and ipb, the corresponding scalar potential takes the 
form: 

^LVS = Ci C2 —^ + ^3^' (2.3) 

where the Ci are 0(1 — 10) constants. Notice that the three terms of this scalar potential conspire to 
give a non trivial minimum. The negative sign in the second term comes from the minimisation of 
the axion component of Ts and drives the minimum to negative values of the vacuum energy. The 



last term dominates at large values of Tg guaranteeing that the potential asymptotes to zero from 
the positive side (this requires ( > 0). The minimum of this scalar potential is at Ts ~ 1/gs and 
V ^ Wq e'''^' where the three terms of Vlvs are of the same order, giving rise to exponentially large 
volumes in a natural way. The minimum of this potential corresponds to a non-supersymmetric 
AdS vacuum. 

2.2 De Sitter LVS 

Several proposals have been put forward to realise a dS solution at exponentially large volume. The 
most promising so far rely on the inclusion of anti D3-branes at the tip of a warped throat and 
D-terms from magnetised D7-branes. Let us briefly review both of these constructions discussing 
the pros and cons involved. 

2.2.1 Anti-branes and warping 

The simplest proposal to achieve dS space follows KKLT by adding an anti D3-brane at the tip of 
a highly warped region somewhere within in the Calabi-Yau space M. This contributes a positive 
term to the scalar potential of the order: 

Kp = ;^ , (2.4) 

where u can be order unity if 7 = 3, but v must be parametrically small if 7 < 3. This condition 
on V arises from the requirement that this term can compete with the negative potential generated 
by the LVS mechanism (in order to uplift it), but not be so large as to dominates at large distances 
and destabilise the minimum. A small size for the coefficient v is plausible if the anti-brane is in 
a strongly warped region, since then v is suppressed by a power of the warp factor, which can be 
very small. 

The analysis of Q treated the anti-brane in a probe approximation. The effects of the brane 
were included in the effective field theory by simply considering a potential term equal to the 
brane tension. The configuration is metastable with the possibility of decay involving brane fiux 
annihilation |Ia] . There has been much recent work studying the back-reaction of the brane on the 
geometry |l^, |l^, |l^, |l9| to develop an understanding of the system which does not rely on the 
probe approximation. 

One finds that the presence of the brane modifies the geometry in the ultraviolet, the associated 
mode is normalisable supporting the interpretation of the state as a configuration in the same theory. 

LARGE volume and large warping 

It is very interesting that the two proposals for generating a large hierarchy from extra dimensions 
— i.e. exponentially large volume and large warping — are realised in a natural way in type IIB 
string compactifications. Since both can be exponentially large, care must be taken to ensure there 
are no problems with the validity of the effective field theories which are the main tools for analysis. 
We now therefore pause to establish the consistency conditions for having exponentially large 
volume and large warping at the same time. We identify a common domain of validity for both, and 
so show that large warping can be possible within the LVS. We start with a warped ten-dimensional 



metric of the form: 

ds^ = e^'^r^^.^dx^'dx'' + e-^"^ g-mndy"^ dy"" , (2.5) 

with warp factor w = e~^ and gmn the metric for the Calabi-Yau manifold. The lOD field equations 
of type IIB supergravity have as solutions e^^^ — e^^"^" + c where c ~ 0{V^^'^) is an otherwise 
arbitrary constant and Aq is a profile that depends on the underlying Calabi-Yau geometry. The 
condition for having a throat that dominates over the volume in part of the geometry is e^ " S> c. 
But we must also be sure that the warping is not so strong as to invalidate the 4D effective 
field theory at energies below the warped Kaluza-Klein scale. This requires in particular that the 
moduli masses must be much smaller than the warped KK scale. Requiring this to be true in a 
region where warping dominates large- volume in the geometry therefore leads to the twin conditions 

g-4Ao > y2/3 > ^-Ao (2.6) 

Here Aq is considered at its maximum value (tip of the throat). The first of these is the condition 
that the effective warp factor is dominated by Aq rather than c: e~'*^ ~ e^"*"*" with c ~ V^/^. The 
second condition is the condition that modulus masses are not higher than the warped KK scale, 
which requires e^° > V"^/^ (2^. 

For the present purposes, what is important is that we must check if any candidate warped 
uplifting term — as in KKLT and LVS scenarios — is consistent with these constraints. That is, 
uplifting potentials usually have the form: 

piAo 

^"P - y^;^ ' (2-7) 

where the unwarped contribution would go like 1/V" and for an anti-D3 brane a = 2. In the LVS 



case, for tuning the cosmological constant, the uplifting term (2/7) has to be comparable in size to 
the rest of the potential (|2.3|), and so we need: 



f,iAo 1 

— — ^ e-^o _ /i;\ll/12-a/4 (2 8) 

(V)a-2/3 (V)3 ^ ^ \^/ ■ ^'^■^) 

This satisfies the above constraint ( p.6D for a in the range: 

l<a<3, (2.9) 

which is satisfied in particular by anti-D3 branes, for which a — 2. Therefore it can be consistent to 
realise de Sitter uplifting via anti-D3 branes at the tip of a warped throat in the LARGE Volume 
Scenario. 

2.2.2 D-terms from magnetised branes revisited 

Another interesting mechanism to achieve dS vacua relies on D-terms from magnetised D7-branes 



since they give rise to a positive contribution to the scalar potential of the form (2.4). Concrete 
examples have been worked out in [|l 0, M. Notice that in KKLT scenarios D-terms are not 
appropriate for uplifting since the AdS minimum is supersymmetric and vanishing F-terms imply 
vanishing D-terms also. On the other hand, the situation is much better in LVS since the AdS 
minimum is non supersymmetric and therefore D-terms can be non-zero. 



The D-term potential associated to the diagonal U{1) factor of a stack of D7-branes wrapping 
the Calabi-Yau divisor Di, looks like p3]: 

^^ = f E^^^^J-^J-^0 ' (2.10) 

where K is the matter Kahler potential. In the previous expression the gauge coupling is given 
by 9^^ ~ Vol(_Di)/(47r) = Ti/(47r), i^j are matter fields (open string modes) with C/(l) charges 
Cij, while ^i is the Fayet-Iliopoulos term. This term is generated by turning on a magnetic flux 
Ti = fi Dk on the D7-brane stack wrapping Dii 

where qij are the t/(l) charges of the Kahler moduli which can be expressed in terms of the triple 
intersection numbers kijk of the Calabi-Yau as: 

q^J = f'^hjk ■ (2.12) 

Ref. Q studied the interplay between F- and D-terms in the LVS in order to obtain dS vacua, 
finding that an attractive candidate can be found when the following three criteria are satisfied: 

• The magnetised D7-brane stack wraps the large four-cycle; 



The Kahler modulus Tb (described in section 2.1) is charged under the U{1) 



• One of the open string modes, stretching between the D7-brane with magnetic flux and its 
orientifold image, is tachyonic at the origin of field space. Such a situation is fairly generic 
and can be shown to arise as a result of relationships between the charges of various open 
string fields connected to anomaly cancellation conditions. 

Under such a situation, ref. [H found that, upon minimisation, the combined F- and D-term 
potential yields a contribution which scales as V^^/^ which is good since 1 < 8/3 < 3. 

However, such a contribution can uplift the AdS vacuum to dS in a controlled fashion only if 
the magnetic flux on the brane is localised in a warped region. This requires that a two-cycle of 
the large four-cycle be deep in a warped throat which is not impossible but not straightforward to 
achieve, as we now see. 

To see why it can be hard to have localised magnetic flux which can generate the uplift term of 
Q , note flrst that we require that the brane wraps the large cycle and also that the Kahler modulus 
Tf, is charged under the U{1), i.e: 

qbb^rhhb^O- (2.13) 

In order for the magnetic flux to be localised, no flux can thread the large cycle since such a 
contribution would have support in the entire Calabi-Yau, and so it is difficult to conceive that the 
associated energy can be lowered by warping. Thus we would like to set /'' = 0, and have non 



trivial flux threading a small cycle, i.e f^ ^ 0. Then the condition ( 2.13 ) implies that 



fc.fcb^O. (2.14) 



However ref. |g3| pointed out that in order to find a LVS the small four-cycle supporting the non- 
perturbative effects has to be a 'diagonal' del Pezzo divisor which is characterised by the fact that 
there exists a basis of toric divisors where the only non- vanishing intersection number is ksss ^ 0. 
Hence this four-cycle enters the overall volume in a completely diagonal way, showing that it can be 
shrunk to zero size without affecting the Calabi-Yau geometry. Therefore in this case the condition 
^shh 7^ cannot be realised. 

However this condition might still be realised if the number of Kahler moduli is greater than 
two and there are other small four-cycles which do not support non-perturbative effects as in JMl. 
These additional small four-cycles support a GUT- or MSSM-like visible sector and, in order to 
avoid the shrinking induced by D-terms, have to be 'non-diagonal' rigid but not del Pezzo divisors, 
according to the classification of p3. Then one can indeed satisfy the condition ksbh ^ [pj. 

D-term uplift for fibred Calabi-Yau manifolds 

An alternative way to achieve dS vacua via D-terms without having to deal with localised magnetic 
flux, has been proposed in [Q for Calabi-Yau three-folds where the overall volume is controlled by 
two four-cycles t\ and T2'- 

V = Vnra - T, . (2.15) 

The sum of F- and D-term potential coming from a magnetised D7-brane stack wrapping t\ is: 



y = y^ + yj, = -(g^|c/,,|2-^i) +A;^|0,|2 + yLvs, with Ci=p^, (2.16) 

where (^c is a canonically normalised matter field while fc, q^ and p are all 0(1) numbers. The LVS 
potential is as described above, and depends only on the moduli Ts and V. 
The minimum for (^c is at: 

90 27r(j^V2 q^ 



where the approximate equality uses ^i ~ ^frll^ and V ^ 1. Eq. ( 2.16 ) then reduces to 



^ = ^^o^ + ^LVs, with A-^. (2.18) 

V'^ qi, 



It is now a problem that the potential Vlvs (2.3) does not depend on ti, because the modulus 



T\ cannot be fixed. However we know that another term in Y depends on t\ once string-loop 
corrections to K are included, coming from loops of open strings living on the D7-branes wrapped 
around t\ ||24|. Including also this ri-dependent part of the scalar potential we find: 



V t} ] V2 



y=|A^ + :l^^ -1^, (2.19) 



where cioop is a loop coefficient that depends on the complex structure moduli. The potential (2.19) 
has a minimum for t\ at: 

n = (4<?,^cLp/A)'/'v^/^ (2.20) 



which substituting back in ( 2.19 ) gives: 



W.2 ,, ., /A^"/' 



^ = ^VW^ + ^LVS, with M = 5f-) (5.cioop)'/' . (2.21) 



We see that in order to get a Minkowski vacuum, the coefScient cioop must be tuned such that 

^,^0{l)g-''^{V)-''' ^ cioop^O(l).97'/^V)-i/^ (2.22) 



Substituting this tuning back in ( 2.20D we reahse that: 

(n) ^ 57I ^ 0(10) . (2.23) 

Notice that the tuning of the loop coefficient includes the value of the volume at the minimum 
which may not be natural for very large volumes. However there is always the possibility that the 
corresponding cycle lies within a warped region for which the coefficient A is warped and volume 
dependent and therefore the tuning is similar to the antibrane uplifting in KKLT. 

We finally mention that another mechanism to achieve dS vacua that has been proposed, relies 
on F-terms from a hidden sector with metastable susy breaking [p5|. However this mechanism has 
not yet been implemented within the LVS. It would be very interesting to have a concrete realisation 
of this mechanism in the LVS. 

3. De Sitter vacua from non-perturbative effects 

Non-perturbative effects play a major role in stabilising the Kahler moduli T^ of type HB Calabi- 
Yau flux compactifications. In fact, the starting point of KKLT and LVS scenarios is the inclusion 
of Ti-dependent non-perturbative corrections to the superpotential of the form: 

Wnp = ^A,e-"'^', (3.1) 

i 

where the prefactors Ai are in general functions of the complex structure moduli U and the open 
string moduli (D7-deformation and D3-position moduli), the a^ are constants and the fi are the 
corresponding gauge kinetic functions which are given by: 

h=T, + K{F)S, (3.2) 

where Ti is the Kahler modulus controlling the size of the divisor S^ wrapped by either a stack of 
D7-branes or a Euclidean D3-instanton, while /i is a function of the world- volume magnetic flux F. 
Let us briefly describe the two cases for F — Q and J-" 7^ which give rise to two physically different 
situations. 

• Vanishing magnetic flux: J- = Q. In this case hi = and the non-perturbative effects have 
three different microscopic realisations: 



IS 



Divisor E^ wrapped just by a stack of D7-branes: In this case the superpotential (3.1 
generated by gaugino condensation. The simplest realisation of a pure Af = 1 super Yang- 
Mills theory that undergoes gaugino condensation is via a stack of D7-branes wrapping 
an orientifold-invariant four-cycle without any magnetic flux on the D7-branes. The 
constants ai are given by ai — 67r//3i where /3i are the one-loop beta function coefficients 
of the condensing gauge theories. For example, in the case of a pure SU{N) theory, 
f3i = 3N while the in case of a pure Sp{2N) theory. Pi = 3{N + 1). 



Divisor E^ wrapped just by a Euclidean D3-brane instanton: In this case the superpo- 



tential (3.1) is generated by a so-cahed 'stringy' instanton. The simplest realisation 
which yields the right fermionic zero mode structure, involves a rigid four-cycle which 
is transversally invariant under the orientifolds and a vanishing magnetic flux on the 
instanton. In this case the constants a.i are given by a^ = 27r. 

Divisor S^ wrapped by both a stack of D7-branes and a Euclidean D3-brane instanton: In 



this case the main contribution to the superpotential (3.1) comes from gaugino conden- 
sation since the contribution due to E3-instantons is more suppressed due to the different 
behaviour of the constants a,; . 

• Non-vanistiing magnetic flux: J^ 7^ 0. In this case tii y^ and the non-perturbative effects can 
have again three different microscopic realisations: 

— Divisor S^ wrapped just by a stack of D7-branes: In the presence of a non-vanishing 
magnetic flux J- on the world- volume of a D7-brane stack, chiral matter gets generated, 
and so the theory undergoes gaugino condensation only for particular configurations. For 
examples an SU{Nc) theory with Nf fiavours, undergoes gaugino condensation only for 
Nf < Nc — 1. Moreover, in this case the Kahler moduli get charged under the anomalous 
C/(l), and so the prefactors Ai have to depend also on charged matter fields whose U{1) 
transformation has to compensate the shift transformation of the Ti fields in order to 



render the superpotential (3.1) gauge invariant. 

— Divisor Si wrapped just by a Euclidean D3-brane instanton: Given that J- is anti- 
invariant under the orientifold and in order to have a non-vanishing contribution to 
the superpotential the instanton configuration has to be invariant under the orientifold, 
we can have J^ 7^ only if the magnetic fiux is purely odd, i.e. T G H^ (E^) |26|. This 
is possible only for orientifold projections such that h^^ ^ 0. In this case the gauge 
kinetic functions acquire a dependence on the G- moduli associated with the K^^ odd 
four-cycles, fi=^Ti + hij{T)Gj. 

— Divisor Tn wrapped by both a stack of D7-branes and a Euclidean D3-brane instanton: 



In this case the superpotential ( |3.1| ) is generated by a so-called 'gauge' instanton corre- 
sponding to the case Nf = Nc—1 and the prefactors Ai have again to depend on charged 
matter field in order to guarantee the gauge invariance of the superpotential. 

Scenarios with vanishing magnetic flux are simpler for modulus stabilisation. The case with 
J- y^ includes more general expressions but also constraints. In particular, it complicates the 
stabilisation of the four-cycle supporting the Standard Model (SM) by these non-perturbative effects 
since requiring non-vanishing coefficients Ai would generically break the SM symmetry at high 
energies by the non- vanishing values of the charged matter fields |g^ . In those cases D-terms or 
perturbative, rather than non-perturbative, effects are preferred to fix the SM cycle [Q. 

The non-perturbative effects described above are the only ones considered so far for modulus 
stabilisation in type IIB flux compactifications. However, there are further dilaton-dependent non- 
perturbative effects generated by either gaugino condensation on spacetime-fiUing D3-branes or 
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Euclidean D(-l)-brane (E(-l)) instantons. Given that the associated branes do not wrap any internal 
cycle, the corresponding gauge kinetic function is determined by the dilaton field S: 

n = S + h, Q, , (3.3) 



where, in analogy with (3.2), we have included a shift proportional to h. As we have seen, in the 
case of D7-branes and E3-instantons, h is non-zero only in the presence of a magnetic flux. In the 
present case, this is equivalent to place the D3-branes and/or the E(-l)-instantons at a singularity. 
In fact, as a magnetic flux is responsible for the emergence of chirality in the geometric case, here 
chiral matter gets generated by the presence of the singularity. Hence the hi in ( ^.3[ ) are constants 
proportional to the C/(l)-chargc of the blow-up modes Qi resolving the singularity. 

In parallel with the previous discussion for the geometric case, we have two cases for hi — 
(branes at smooth points and no chiral matter) and hi ^ (branes at singularities and chiral 
matter). For each case we have again three different microscopic realisations corresponding to: 



• Stack of spacetime-filling D3-branes: In this case the superpotential (3.1) is generated by 
gaugino condensation. The simplest realisation of a pure J\f = I super Yang-Mills theory that 
undergoes gaugino condensation is via a stack of spacetime-filling D3-branes at a smooth point 
on top of the 0-plane. If the D3-branes are located at a singularity chiral matter gets gen- 
erated, and so the theory undergoes gaugino condensation only for particular configurations. 
Moreover, in this case the blow-up modes Qi get charged under the anomalous U{1), and so 
the prefactors Ai have to depend also on charged matter fields whose C/(l) transformation has 
to compensate the shift of the Qi fields in order to render the superpotential gauge invariant. 
We finally point out that the location of the D3-branes can be determined by minimising the 
potential for the D3-position moduli Q which is generated by different effects (Ci-dependence 
of the Kahler potential and the prefactors Ai plus D-terms) |Q . 



Euclidean D(-l)-brane instanton: In this case the superpotential (3.1) is generated by a so- 
called 'stringy' instanton. 

Euclidean D(-l)-brane instanton on top of a stack of spacetime-filling D3-hranes: When the 



branes are located at smooth points, the main contribution to the superpotential (3.1) comes 
from gaugino condensation since the contribution due to E(-l)-instantons is more suppressed 
due to the different behaviour of the constants a^. On the other hand, for branes at singular- 



ities, the superpotential ( |3.l[) is generated by a so-called 'gauge' instanton corresponding to 
the case TV/ — Nc—1 and the prefactors Ai have again to depend on charged matter fields in 
order to guarantee the gauge invariance of the superpotential. 

In this section wc will explore a combination of both classes of non-perturbative effects within 
the LVS framework. We shall focus, without loss of generality, on the case with a single Kahler 
moduli-dependent and a single dilaton-dependent contribution to the non-perturbative superpoten- 
tial: 

Wnp = Ae-''^ + Be-''^^+''Q\ (3.4) 

where we will consider just one blow-up mode Q. We will find that the dilaton-dependent non- 
perturbative effect proportional to B can give rise to de Sitter vacua only for h ^ Q. In fact, in the 
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case h — 0, the new S'-dependent non-perturbative effect can be included in a redefinition of Wq — >■ 
Wq = Wo + B e~''^ , showing that this term cannot give rise to any new interesting dynamics. 

We shall find that for /i 7^ it is the F-term of the blow-up mode Q which is responsible for 
uplifting since it gives rise to a positive definite term in the scalar potential of the form e^^''^'''^'^^/V. 
Given that Re(S') is fixed by ratios of flux integers, this term has a similar effect as the standard 
warped anti D3-brane contribution with the advantage that it comes from a manifestly supersym- 
metric effective action. 

As is well known, the LVS applies for Calabi-Yau compactifications with negative Euler number 
(/i^'^ > h^'^). However in this section we shall also present another interesting implication of adding 
an S'-dependent Wnp'- the possibility to obtain exponentially large volumes and de Sitter space also 
for positive and vanishing Euler numbers. This requires the introduction of string loop contributions 
to the effective action which are less understood. In appendix M we will discuss briefly a simplifled 
case with non-perturbative effects only at the singularity regime. 

3.1 De Sitter LVS from D3/E(-l) non-perturbative effects at singularities 

Let us study how the LVS stabilisation mechanism gets modified by the inclusion of dilaton- 
dependent non-perturbative effects. We shall analyse the case for h ^0 corresponding to D3-branes 
and/or E(-l)-instantons at singularities since, as we have pointed out above, the case for /i = 
does not give rise to any new result. 



As reviewed in section 2.1, the standard LVS involves at least two Kahler moduli, T;, = Tt, + i'0f, 
and Ts = Ts + i f/'s , which can be fixed by the interplay of the leading order a' correction to the 
Kahler potential and a single Tj-dependent non-perturbative superpotential. Hence we shall extend 



the superpotential (2.2) as in (3.4) obtaining: 



VF = VFo(S)-)-Ae-'^^=+Be-^(^+''«^ (3.5) 

where Q = p + iipp is the modulus that blows up the singularity (p = corresponds to a collapsed 
four-cycle) and /i 7^ 0. ^ The Kahler potential (^^) of the effective supersymmetric field theory has 
to be supplemented with the term for the blow-up mode p, and so it takes the more general form 
(writing s = Re(S')): 

K^-\n{2s)-2\n\V + ^--\+a^, (3.6) 



with: 

Notice that, even if the dilaton is fixed at leading semi-classical order by imposing DsW — 0, 



V = rl'^ - rl'^ . (3.7) 



both in the superpotential ( |3.5D and in the Kahler potential (|3.6| ) we kept the dilaton dependence 
manifest in order to have control over higher order contributions to the scalar potential which could 
play an important role for achieving dS vacua. 



^This extra sector can also be considered for the KKLT scenario for wiiicli there will be a non-perturbative super- 
potential for the overall Kahler modulus T and also for the blow-up mode Q. However since the original minimum 
was supersymmetric, DxW = 0, as long as there is a solution to DqW = the vacuum remains supersymmetric 
AdS; although such a solution is likely to be away from the singular locus. 
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In the large volume limit Tt ^ Ts, the Kahler potential ( p^ ) can be expanded as: 

«3/2 „2 



K ~ -ln(2s)-31nr6 



2er., -^47^(l + erJ + a ^ 



3/2 



3/2 



(1 + erJ 



where 



3/2 



o(v-i)<i. 



(3.8) 



(3.9) 



We point that the moduli Tt and Tg are both larger than the string scale, while Q is at the 
singular locus. It is worth stressing that the effective field theory can be trusted not just in the case 
when the moduli are in the geometric regime, but also in the regime close to a singularity thanks 
to the detailed description of strings at orbifold singularities. The field Q can indeed be shown to 
be fixed at the singular locus as a result of D-term stabilisation. If we turn on a flux on a two-cycle 
inside the four-cycle whose volume is given by the blow-up mode p, the D-term potential takes the 
same form as in ( 2.1C| ) : 



^^ = Y ( X! ^^^^v-^ ~ ^ 



where, according to ( 2.11 ), the Fl-term ^ becomes: 



_ _qp_dK_ _ aqp p 
An dQ ^ 47r V ■ 



(3.10) 



(3.11) 



Here qp is the C/(l) charge of the blow-up mode p that depends on the magnetic flux and its triple 
self intersection number (see ( 2.12| )). 

In this section we shall proceed assuming that the D-term potential can be minimised with non- 
zero VEVs for some charged matter fields such that {J^i CiKifi) — together with a non-vanishing 
prefactor B of the non-perturbative superpotential [B ^ 0). ^ The details of such settings will be 



elaborated in section 3.1.2. Thus the D-term scalar potential reduces to: 



V 9%2 9 faqp\^ p' 



(aqp 



(l + 2e.J, 



(3.12) 



Stt (s -I- hp)T^ 

which uses 4:TTg^'^ ~ s + hp and V^^ ~ '''b ''(I + ^Et-J. 

We now turn to the computation of the F-term scalar potential: 

Vf = e-^ (k^DiWDWj - ?,\W\A , (3.13) 

where the Kahler covariant derivative is DjW = Wj + WKj. The Kahler metric is a symmetric 
matrix which reads (with the leading order correction in a large volume expansion): 



/^ 



K 



ij 



V 



(l-¥) 

i^i2 



9v^C 



16r, 



5/5 



(1 



3 

4^ 



lOe 



h2e,J 

, +5e„ — 5e, 



^23 






„ 3/2 , 



(l + e. 

(> + 



-e.) 







\ 



4t, 



i/2l 



2er. 



3a p^/t^ 



r(l + erj J 



^The situation is similar to the tension between moduli stabilisation by non-perturbative effects and chirality 
discussed in [E7|; although in our case this results into a much weaker constraint as the open string fields belong to 
a hidden sector, and so can get non-zero VEVs. 
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where: 

ep^^^O(V-i)«l and ^^ ^ C f - j ^0(V-i)«l. (3.14) 

The inverse Kahler metric with the leading order correction in a large volume expansion reads: 

if 14 ^24 ^34 Hzf! (^1 + 5£p^) 

Therefore the F-term scalar potential is given by: 



-hbBK^^ (DsWe+''''-^'"+'''^^^ + DsWe-''''-^''+'''''''A e-'^^'+'^P'^ + (WDsW + WDgW)K^'K^ 
+ {aAf K'^^'^' e-^"''^ ~ 2av4iy cos (aV's) K'^'^'K., e-"''' 

+2haAbBK^^^ cos [aijj, + 6 (Co + h^Pp)] e-''^=-&(''+'v) + w"^ {K'^K.Kj - 3) | . (3.15) 

Substituting the values of the elements of the inverse Kahler metric we obtain: 

+ hbBC s'/^ p (i?5W^e+i^(Co+'»^p) + i^^We-'^(^"+"^-)) '—^j^ (l + ^h±±^l±lp\ 

9 , — — ,3^/2 / 4g +6e,-e„\ o/ 3es - e^ 

' -XiWDsW + W^Z^gW^)—- 1 + -^^—^ '- ]+W^i + -^-^ - 3 



+ ^(aA)2V^r,^/^-2-= (^l + !!lL±il^fp^ +4aAW^cos(a^,)r,e— - (^l + ^^1^^ 

+ l{hbB)\^/^e-^'^'+''P^ (l + ^1p^^\ + 2hbBWcos[b{Co + /iV'p)] P 6"'^'+""^ (l + 

+4haAbBpT, cos [a^A, + 6 (Co + /i^p)] e-''"'-''(^+''^) ('l + 5!l±±|!l±fp'\ 

Notice that the Kahler covariant derivative with respect to the dilaton scales as: 



9e., - 3e, 



DsW = DsWo\c=o 

^ V ' 

o(i) 



3e^ 

4 s 



Wo{S)+(b+j-\Be-''^''+'^Q'> 



ltlBe-'^s+^Q\ (3.16) 

4 s ' V / 



where: 



The volume scaling of (3.16) follows from the fact that we shall be interested in studying the scalar 



potential in the large volume limit aTg ^ 6s ^ InV 3> 1. 
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The total scalar potential V = Vd + Vp receives contributions at different orders in a large 
volume expansion. It is therefore convenient to study its behaviour order by order in 1/V writing: 



where: 



and: 



Vc 



V — Vo(^v-^} + Vo{v-^) + ^ci(v-'») + • • • , 



o(v-) = ^ 2s\DsWok^o\'+^'"^''^' ^' 



Stt (s + hp) 



(3.18) 
(3.19) 



^o(v-3) = ^^2s\DsWo\c=o\\ep-^ + 2er. 



{aqpf P^ 



Air {s + hp) ''" 
2s{b + l/{2s))B [cos[b{Co + htl;p)]Re{DsWo\c=o) - MKCo + hi;p)]lm{DsWo\c=o)] e-^(^+'"') 



-- [ReiWQ)ReiDsWQ\^=o)+lm{Wo)lni{DsWo\c=o)]es 



1 

2 
a 



> 'Jt.s ^n 



{aA)^y/?;T^/^ e-"^"^^ + AaAWo cos [aips) Ts 6""^= + W^^^ — ^ 



(/i65)V^^/^e-2''(''+'"') + 2hbBWo cos [b (Co + hi^p)] pe''''''+''p'^ 



The potential at order V ^ depends on four fields: Tf,, s, Cg and p. However, the minimisation with 
respect to S and p implies that: 



{DsW\c=o) = 



and 



(P>=0, 



(3.21) 



leaving a flat potential for Tf, and justifying our expansion of the Kahler potential around the 
singularity obtained by shrinking the blow-up mode p. The potential at order V""^ then reads: 



V, 



o{v- 



1 

W) 



iaA)' 



3/2 



AaAWnT. 



QT^s- 



3C(s 



,3/2 



9/2 



-W^ 



2 e~26(s) 



(3.22) 



'b " 'b 'b 

where we have already minimised with respect of ^ps and we have set s = (s) = l/5s- Notice that 
the leading order stabilisation of the blow-up mode p at (p) = eliminates the p dependence in the 



exponentials and the last term in (3.2C). This is important because this is the only extra term that 
could give a negative contribution to the scalar potential. Considering the scalar potential for p by 



adding the p-dependent terms in ( 3.20 ) to the D-term, the VEV of p is slightly moved away from 
the singularity but the minimum is at a value (p) ^ 1/V inducing a much suppressed contribution 
to the scalar potential of order SVp ^ l/V"*, and therefore can be safely neglected. 

Similarly for (I?sWolc=o), this quantity has been fixed at (£'sVF|f=o) = only focusing on the 
potential at order V~^. The leading order correction to this result comes from considering also the 
dilaton dependent terms in (3.2C). They slightly move the minimum to (-DsM^lc=o) ~ 1/V giving 
rise again to contributions of the order SVp ^ l/V, which can therefore be safely neglected. 



What we are left with then, is a potential of the standard LVS form (2.3) plus an additional 
positive definite term coming from the non-perturbative effects at the singularity: 



V = Vlys + Kp , 



where: 



Vup oc /i^ 



-2b{s) 

V 



(3.23) 
(3.24) 



(3.20) 
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with positive proportionality factor. This is precisely of the form (2.7), with a — 5/3 and the warp 
factor substituted by a very similar expression now as an exponential of the dilaton field which is 
fixed by fluxes. Therefore the effect of this term is identical to a large warping for weak coupling 



strings. Notice also that the uplifting term (3.24) is proportional to h, and so it goes to zero for 
h = 0. 

Let us now minimise the scalar potential with respect to r^ by solving dV/ dTg ~ Q. In the limit 
flTj 3> 1, we find: 



iJr's Wo 



AaA ^3/2 



o{v-^) 



In 



AaA 

3^/Ts 



In 



3/2^ 
Zb_ 



In 



3/2^ 



(3.25) 



Substituting this result back in (3.22) we end up with the following effective potential: 



Vc 



o(v-3) 



3 Wi C{sf/^ 



A{s) ^9/2 



In 



3/2 



/M^o 



3/2 



The solution of dV/dri, = is then: 



as 



,3/2 



In 



.3/2 



/v^^o 



3/2 



21n(r,'/Vw^o, 



4 fhhBV 
3^ V WcTJ 



4 fhbBV 

9^ yw^j 



-26(s> 3 



(3.26) 



-26(s) 3 



(3.27) 



This implicitly fixes the volume V or t^ as a function of (s),Wo,i? and the constants /i, a, 6, a. 
Substituting this result back in ( 3.26 ) we find that the value of the potential at the minimum is: ^ 



(Vc 



0(V-3)/ 



j_wl 

4(s) ^9/2 



\n{T^^^/Wo 



2a3/2 



(3.28) 



Notice that in the absence of the non-perturbative quiver superpotential {B — 0) this is negative 
giving rise to the standard AdS vacuum. For B ^ the second term, being positive, lifts the 
minimum allowing the possibility of having a de Sitter minimum and even a destabilisation of the 
minimum for large enough values. 

3.1.1 'Tuning' of the cosmological constant 

Given that the parameters (s) , Wo , B are determined by the fluxes and the VEVs of hidden sector 
matter fields, they can be adjusted to cancel the vacuum energy up to this order. In order to find 
a Minkowski vacuum we need therefore to perform the following tuning: 

1/2 



In 



.3/2 



/Wc 



2a3/2 



8 fhbB 
9^ \W^ 



-2b{s)3 



(3.29) 



''Explicit string calculations at one-loop order have led to the need to redefine the Kahler modulus that corresponds 
to the proper chiral superfield in the supergravity action M] . This field redefinition is model dependent but has been 
found to be needed for blow-up modes for orientifolds and when D3 and D7-branes are present at a singularity. It is 
then important to re-analyse our results of this section taking into account that the blow-up field is subject to a field 
redefinition. This analysis is carried out in appendix ^ where we show that a field redefinition does not qualitatively 
change our results. 
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Let us now try to estimate the amount of tuning needed to get a Minkowski vacuum, by 
considering all the underlying parameters fixed except for B. Hence we have three equations, 



( 3.25 ), ( 3.27 ) and ( 3.29 ), in three unknowns, Ts, n ~ V^^'^ and B whose solution is: 



■i2/3 



(.,.(.,(0^", (V,...e-, ..(^/f)(M)^<« , ,3,30) 

^^ v ' 

0(1) 

Hence the order of magnitude of B depends crucially on C (and so the Euler number of the underlying 
Calabi-Yau) and the choice of parameters a and b. 

Given a Minkowski vacuum, one can obtain a discretuum of de Sitter vacua with small cosmo- 
logical constant by varying Wo which depends on all flux quanta. This can be seen by considering 



a small deviation e in the relation (3.29), which would result in a vacuum energy of the form: 



(143(v-3)) = ^^e. (3.31) 

We have then achieved in the LVS the same effect as anti D3-branes. In fact, we showed that 
D3/E(-l) non-perturbative effects at singularities provide an uplifting term that allows an almost 
continuum tuning of the vacuum energy by small changes in the fluxes. This is in contrast with 
proposals for D-term uplift in which the needed substantial warping was not explicitly achieved 
and may require topological conditions on the internal manifold difficult to satisfy H. The main 
advantage over anti D3-brane constructions is that in this case the effective field theory is under 
control especially since it is manifestly supersymmetric. 

3.1.2 Generation of non-perturbative superpotentials at singularities 

We now discuss how to obtain a non-zero prefactor of the dilaton-dependent non-perturbative 
superpotential in a way compatible with the stabilisation of the blow-up mode p at the singular 
locus by imposing the vanishing of the Fayet-Iliopoulos term. We can envisage three different 
scenarios: 

• In the presence of just one anomalous U{1), one would require matter fields with opposite 
charges to have VEVs such that their contribution to the D-term vanishes consistent with a 
non-zero value of the prefactor B. 

• In the more general case with more than one anomalous U{1) and multiple blow-up modes, a 
non- vanishing prefactor can be obtained without necessarily requiring cancellation of matter 
field contributions to all the D-terms. An explicit example of this was studied by the Romans 
p. The construction involved a Z5 quiver with gauge group SU{5) x C/(l)5 x C/(l)i (and so two 
anomalous [/(l)'s) and two blow-up modes Qi and Q2- The non-perturbative superpotential 
at the singularity is given by: 

Wnp = B e-''(^+"iOi+''2'32) , (3.32) 

with the prefactor B depending on open string fields B = 4>/Z'^ , where cj) is charged only under 
C/(l)i and Z is a composite field built out of fields charged under both anomalous C/(l)'s. 
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Given that the combination of blow-ups entering in Wnp is the same as that entering in the 
Fl-term of U{1)5, ^5 oc aipi + a2p2, the D-term associated with this U{1) can fix exactly 
this combination to zero (in accord with our result in the previous section) without having to 
require cancellations between matter fields VEVs. On the other hand, the D-term of U{l)i 
fixes 

I0P = Ci « biPi + &2P2 = m^ 7^ . (3.33) 

Notice that this stabilisation would leave a flat direction which could then be fixed at non-zero 
value by the inclusion of a tachyonic susy-breaking mass term for (j) (justifying our assumption 
oi m 7^ 0). Hence the prefactor B is non-zero since it turns out to be -B = "^/-^iight where 
in the denominator .^ught depends only on the fields which remain light. The composite field 
•flight then corresponds to the standard run-away direction of ADS-like superpotentials in 
the global supersymmetry case where the potential is proportional to \dW/dZ\'^ [gO|. This 
direction could be fixed at non-zero value by supergravity effects if there is a finite solution to 
DzW = 0. For a discussion along these lines see for instance ]I^. Furthermore soft breaking 
terms will also provide contributions to the the Z potential and generically lifting the runaway 
behaviour. 

• The prefactor B might not depend at all on matter fields for orientifold projections such that 
/ij 7^ as discussed in |2q] . 

3.2 De Sitter LVS for positive Euler numbers 

ft is well known that the standard realisation of the LARGE Volume Scenario with non-perturbative 
effects in the geometric regime and a' corrections relies on the fact that the Calabi-Yau manifold 
has negative Eulcr number x (or positive coefficient C, oc — x). This means that the number of 
complex structure moduli (/i^'^) is larger than the number of Kahler moduli {h^'^). This amounts 
to essentially half of all Calabi-Yau manifolds because of mirror symmetry. 



However ref. |f4 opens up the possibility to obtain LVS also for % > (or equivalently C < 0). 
In fact, the authors of Q pointed out that, in order to avoid the shrinking of the four-cycle 
supporting chiral matter, one has to wrap the visible sector branes on intersecting rigid divisors. In 
this way, in the absence of singlets which can get non-zero VEVs without breaking any of the visible 
sector gauge groups, one can perform an appropriate choice of brane set-up and world- volume fluxes 
which leads to the D-term stabilisation of all these rigid divisors except for one. This remaining 
flat direction, which we shall denote Tvs since its size is constrained to be small by the requirement 
of obtaining a visible sector gauge coupling of the correct size, can be fixed by the inclusion of 
string loop corrections ^ to be proportional to Ts'. (tvs) ^ {ts)- The final contribution to the scalar 
potential looks like pj]: 

y(s) ^ loop fo OA\ 

where c\^' is an unknown coefficient which depends on the complex structure moduli fixed at tree 
level. Given that t^ ^ O(I0) this term scales as 1/V^, and so for c^J > 0, it has the potentiality 

*For a similar mechanism to fix the visible sector four-cycle via string loops but in the presence of non-vanishing 
singlet VEVs see M. 
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to give rise to an AdS minimuni at exponentially large volume even if ^ < 0. We need however 

(s) 

to check that the tuning of c\' needed to obtain such a minimum does not lead us to a regime 
where we cannot trust the perturbative expansion anymore. As explained in |2J], the parameter 
that controls this expansion is: 



(s) ^ '^loop 
loop 



«1, 



(3.35) 



which comes from the expansion of the inverse one-loop corrected Kahler metric. Notice that we 
expect two-loop contributions to the scalar potential to be suppressed by additional loop factors of 
(167r^), and so these higher-loop corrections can be neglected if ej^^ ^ 1. 

On top of these loop corrections, we have also g^ effects coming from loops of open string states 
living on the large cycle r;,: 

.(b) 



V' 



Moop^l^O 



loop ylO/S ' 

and in this case the parameter that controls the perturbative expansion is: 



(3.36) 



(b) 
(b) _ CjQop 
loop 



.(b) 
"'loop 



<1 



(3.37) 



n V2/3 

Let us start by neglecting the string loop correction ( 3.36| ) due to their volume suppression. 
The scalar potential takes the form (neglecting the prefactor): 



V = Mi\/^- 



-2aTe 



V 



- ^J-2WoTs 



V2 



/i3' 



wl 

V3 



'^loop'^^0 
V3 



(3.38) 



where: 



Ml 



;{aAf >0, 



fj,2 = 4ayl > 



Solving dV/dTs = in the limit aTs ^ 1 gives: 



and 



M3 



3 ICI 



43/2 

tjs 



>0. 



(3.39) 



3^ Wo 



8aA V 



1± 1 



Moop 

3ar3 



InV 
a 



for Wq - 0(1) 



(3.40) 



A careful analysis considering also the second derivative with respect to r^ shows that in order to 
get a minimuni we need to take the solution with the positive sign. Notice that in the case with 



M 



this solution reduces to (p. 25). Substituting this result back in (3.38) we find (again in 



the limit aTg 3> 1): 



V: 



3W^ 
2^ 



The solution of dV/dV — is then: 



(InV) 



3/2 



,3/2 



25: 



3/2 



(s) 



ICI , 2V^<o 



3VlnV 



(3.41) 



where: 



^^3|C|5, 



-3/2 



4c: 



is) 
loop 



InV 
a 

hTv" 



'2c 



2 



(s) 
loop 



(1 



3/4 



.1/2 



'2c 



(s) 
loop 



""loop / 



3/4 



«1 for c|^),p»5. 



(3.42) 



(3.43) 
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M 



Taking this value of Cjo^p and comparing (3.42) with (3.4C), we reahse that the minimum is 



at: 



(rs) 



'2c 



loop 



0(10) 



and 



(V) ~ Wo e'^^"^^ » 1 . 



(3.44) 



However this minimum is not in a regime where we can trust the pcrturbative expansion since the 
parameter ( ^.35 ) becomes: 



loop 



'loop 



57' » 1 



for 



.9s < 1 . 



(3.45) 



This implies that the string loop correction (3.34) can never beat the a' correction and yield a 
minimum in a regime where we can trust the effective field theory. However this is not the case for 
the loop correction (3.36) coming from the large cycle. In fact, setting q^^ = without loss of 
generality, the effective potential in terms of V reads: 





,, 3 W§ 






2 V3 




The solution of dV/dV = 


: is then: 


InV 
a 




where: 


27ICI gs'^'v' 


/3 



(InV) 
a3/2 



3/2 



ICI 



2 c 



,(b) 
loop 



2/3 



(1-^) 



25: 



2/3 



3/2 3V1/3 



(3.46) 



2/3 /Jb) ^ 
/ '--loop 



2/3 



Vl/3 
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„(b) 
-'loop 



<1 



for 



C^ > > 0"3/2i;l/3 
''loop ^ fls ^ 



(3.47) 



(3.48) 



Given that all the known Calabi-Yau three-folds have 1/2 < \C,\ < 3/2, the condition 5 ^ 1 is well 
satisfied by taking c\J — ^Qs V^/"^ since it gives 0.08 ^ 5 < 0.25. In this case the parameter 



(3.37) that controls the pcrturbative expansion is still smaller than unity since it turns out to be 
volume suppressed: 



(b) 

"loop 



4<?; 



-3/2 



Vl/3 



<1 



for 



V>1. 



(3.49) 



This minimum is AdS but it can be turned into a dS vacuum due to the positive contribution (3.24) 
coming from D3/E(-l) non-pcrturbative effects at singularities in the same way described in the 
previous sections. 



4. Phenomenological implications 

Even though the mechanism we have used for getting de Sitter vacua is very different from anti 
D3-branes at a warped throat, once uplifting has been achieved, the main physical implications are 
very similar to the standard LVS. However, they can provide a more robust origin to the different 
implications of LVS. 



• Inflation: Models of Kahler moduli inflation |31 are based on the LVS and depend very much 
on the positive uplift term to get early Universe accelerated slow roll. A criticism to these 
scenarios could be that the most important contribution to the almost de Sitter expansion 



20 



relies in the uplifting mechanism that generically requires the introduction of anti D3-branes. 
However, if this term comes from a manifestly supersymmetric theory, as we have here, instead 
of a non linear realisation of supersymmetry, it makes the status of these models more robust. 
This is what can be obtained from our mechanism since the whole dynamics is identical to 
the existing models of inflation except for the origin of the 'uplift' term. ^ 

• Supersymmetry breaking: The new mechanism for obtaining dS vacua can play an important 
role in the study of soft supersymmetry breaking. There are several realisations of the soft 
breaking terms within the LVS. This depends on whether the cycle supporting the Standard 
Model brane participates or not in the breaking of supersymmetry. If it does, the soft terms 
are of order the gravitino mass 7713/2 oc 1/V [p2|. In the general expression for the soft 
scalar masses there appears a contribution from the vacuum energy ttiq = Vb + ■ ■ • . Since 
the uplifting term is of order 1/V^ its contribution to scalar masses is much smaller than 
the gravitino mass and therefore does not play any role on the soft breaking Lagrangian. 
However if the Standard Model cycle does not contribute to supersymmetry breaking, then 
the soft terms can be hierarchically smaller than the gravitino mass with scalar masses of 
order toq ^ 1/V'^/^,1/V^ [Q (see however |3J] when field redefinitions are needed). In this 
case the uplifting term is crucial for determining the soft scalar masses p5| . Given that our 
scenario provides an explicit supersymmetric source for obtaining dS vacua, the contribution 
to the scalar masses can be computed in a reliable way. In particular what we have is an 'F- 
term uplift' realised via the F-term of a blow-up mode whose contribution to the soft masses 
in the Standard Model brane is negligible since the visible sector is localised at a different 
singularity. Hence the leading order contribution to the soft masses comes from the F-term 
of the dilaton which is of order 1/V^, allowing for a realisation of the large gravitino mass 
scenario of [^ |6| (see also |37|). 



• 



An AdS/CFT dual description?: Our uplift potential takes the form: 



-2bs 



^"P - -^' (4-1) 

with a = 1 for the case with ft, 7^ and a = 2 for ft = and s fixed by ratios of integers 
from fluxes. This has a very similar structure as the anti D3-brane potential with e~ 



playing the role of the minimal value of the warp factor. The term (4.1) can arise from a 
non-perturbatively generated superpotential of a gauge theory; one thus might ask whether 
there is a relation to a dual theory along the lines of [O. On the other hand there seem to 
be some key differences between our system and a warped throat with an anti-brane. Firstly, 
supersymmetry is broken by a bulk modulus; unlike the anti-brane case where the brane is 
the source of supersymmetry breaking. Furthermore, the value at which s is fixed is sensitive 
to the flux quanta in all the three-cycles in the Calabi-Yau; this makes it difficult to associate 
e~2^* with the infrared scale of a throat. It may be interesting to have a proper understanding 
of this in terms of AdS/CFT duality. 



^We want to emphasise that uplift term is not a proper terminology in our mechanism since the term appears 
on equal footing to the other terms in the scalar potential and we have explicitly found the minimum of the full 
potential. 
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5. Conclusions 

Obtaining de Sitter space solutions from string theory is hard but very relevant for phenomenology. 
Despite several attempts, so far the most convincing proposals have involved anti D3-branes which 
are required to provide a positive source of potential energy that combines with a concrete mecha- 
nism of modulus stabilisation to lift an AdS minimum to positive values. Moreover the amount of 
this lifting is controlled in an almost continuous manner given the fact that this contribution comes 
with an exponential warped factor depending on ratios of integers determined by fluxes. 

The fact that this mechanism is not explicitly supersymmetric has raised criticism and doubts 
on how reliable and stringy this mechanism is. Even though these doubts may not be fully justified, 
it is reassuring to identify alternative mechanisms that achieve the same results but coming from a 
fully supersymmetric effective action. We regard this to be the main result of this article. 

We achieved de Sitter vacua from a combination of non-perturbative effects. The first is the 
standard one coming from either gaugino condensation on D7-branes or Euclidean D3 instantons 
wrapping rigid four-cycles in the geometric regime. The new element is to include dilaton-dependent 
non-perturbative effects arising from either gaugino condensation on space-time filling D3-branes 
or E(-l)-instantons at singularities. A combination of both is what gives rise to a tunable (as in 
the anti D3-branes) positive vacuum energy. This makes possible fully supersymmetric treatments 
of inflation and soft supersymmetry breaking in the LVS making the calculations more controllable 
and the scenarios more robust. Moreover these dilaton-dependent non-perturbative superpotentials, 
when combined with string loop effects, open up the possibility of realising new LVS for manifolds 
with zero or positive Euler number. 

Open questions are legion: a detailed calculation of soft terms for different scenarios of super- 
symmetry breaking, explicit realisations of this scenario in compact Calabi-Yau models following 
the recent constructions in [Q, explicit calculations of the next order corrections to the scalar 
potential (of order 1/V'*), etc. We hope to report on some of these issues in the near future. 
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A. Effect of field redefinition on the potential 



In this appendix we shall study the effect of a field redefinition of the blow-up mode p due to one- 
loop corrections to the gauge kinetic function [^ . This redefinition takes the form p — > p — /3 In V 
where the coefficient /3 is: 

60 



fi = 



I2nh 



(A.l) 



where 60 is the one-loop /3-function coefficient The volume of the blow-up mode is not given by p 
anymore but by (p — /31n V), and so the quiver locus corresponds to p = /31n V. 

We shall work at fixed dilaton. The Kahler potential, in the large volume limit ti, ^ Tg, can be 
expanded as (keeping only terms up to 0{V~^)): 



K ~ -31nTb-f 2e^ 



as) 



3/2 



3/2 



' 3/2 



(A.2) 



On the other hand the superpotential takes the form: 



W ^Wo + Ae-"^» + 5e-''(<^>+'''5) 



(A.3) 



The Kahler metric is a symmetric matrix which reads (with the leading order correction in a large 
volume expansion): 



K 



I.J 



^12 
K 



13 



3 


3q 


(- 


313 
2 



a 





^^3/2 



/ 



The inverse Kahler metric with the leading order correction in a large volume expansion reads: 



' 3^b ' -"^ 



K"' = 



where: 



^12 

^13 



ir 

^ (1 + h',) J 



8 3/2 
3^b 



^{1 + |e.J 6r, (p- f Inr, + /3) (l + i!!i^^=+< 



K 



23 



f p - -^ In Tfc 
372 



o(v-i)<i. 



(A.4) 



By turning on a flux on a two-cycle inside the four-cycle whose volume is given by the blow-up 
mode (p — /?ln V), the D-term potential at order V^^ forces the shrinking of this divisor at the 
singularity since it fixes p at: 



^o = ^(p-T^""0=° ^ (p) = y1^"^- 



(A.5) 
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The leading order scalar potential at order V '^ is then (after minimising with respect to the axions 
t/^s and ipp): 



V = -^ (^(aA)2r,'/'V^e-2ar. _ ^^AWoT, e"'^-' + -{hbB) 



2 3/2 2b({s)+h{p)) 



wi 



4t; 



3/2 



3C(.)^/^ -a[{p)-^. \nn\ Up) ^ Inr, + 24/3 



Substituting the value for {p) found in ([A.5| ), the scalar potential simplifies to: 



Vc 



o{v- 



1 



{aAf 



-2aTs 



3/2 



AaAWoTs 



+ 



3C(s 



,3/2 



9/2 



-W'o 



--{hbB) 
a 



,-2b(s) 



2_f 

f (1+2/160) 



1- 



3«^0 o b(.) -i(i-ftb/9) 
hbB ^^ ^^ 



(A.6) 



Notice that this expression differs from (3.22) only for the last term proportional to /3. Given that 
this extra term has an overall negative sign coming from the minimisation with respect to the axion 
i/'p, it could be dangerous to find a dS vacuum if it dominates over the term proportional to e^^'''"' . 
We shall however now show that this is never the case. 



Given that the new term does not depend on t^ we find the same condition (3.25) from the 
minimisation with respect to Tg which substituted in (|A.6| ) gives: 

3/2 

3 Wl I C(s)'/' 



Vc 



o(y- 



4(,S) ^9/2 



In 



UTi^. 



hbB 
3a VW 

The solution of dV/dri, = is then 



,-2b(s) 3(l-hbfi) 



hbB ^^ ^^ 



\(l~hbl3) 



as) 



3/2 



\n[Tl'^/W^ 



4 fhbB 
'9a V W 



3/2 



1 



21n(r^/Vw^o, 



(A.7) 



(A.8) 



-2h{s) 3(l~hb[i) 
^b 



{l + 2hbl3) e-'°'^'>T:''-'"''> ( 1 



3aWo 2 + hbp g bis) -%.{i-hb0)\ 
hbB 1 + 2/16/3'^ '' ) 



Substituting this result back in ( A.7 ) we find that the value of the potential at the minimum is: 

1/2 



{Vc 



o(v-3); 



4(S) ^9/2 



In 



{rT/W, 



2a3/2 



8 (hbB 
'9a \W^ 



(1 - hbP) e 



-2b(s)m~hb0) I 3a Wq w^^_-|(i-/tj,0) 
2hbB^^ ^^ 



In order to find a Minkowski vacuum we need therefore to perform the following tuning: 

1/2 



In 



UTi^^ 



8 (hbB 



2a3/2 



9a V Wo 



(1-/^6/3) e--<^)rf--«(l-|g/3e''<^)r; 



\(\-hbfi) 



(A.9) 
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which can be rewritten as: 



where: 



2hbB .^^^Ji^i^hbf!) 



X^ - al3X = C , 



and C = 



4(1 - hbl3)a^/^ 



hi 



.3/2 



/Wq 



1/2 



The solution to (A. 10) is 




1± 



AC 



(A.IO) 



(A.ll) 



(A.12) 



(A.13) 



Given that, for V ^ 1 and /3 < 1 ^, the quantity 4C/(a/3)^ scales as: 

AC 0(1) \/b17 

it is crucial to consider separately the two cases (1 — hb/S) > and (1 — hb(5) < 0. In the case 
(1 — hb/3) < there is no real solution to ( A.10| ), preventing the possibility to obtain a dS vacuum. 



However, given that b — Gn/bo, from the expression (A.l) for /3, we realise that hb/S = 1/2, and so 
the quantity (1 — hb(3) — 1/2 is always positive. Therefore the discriminant in ( A. 12] ) is also always 
positive, and so we correctly obtain two real solutions, one positive and one negative. We shall 
discard the negative solution and keep the positive one which takes the form (writing ti, ~ V^'"'): 

(A.14) 



B 



3(r, 



\l/4 



Ahb 



Wo 



VI - hbli 



0(1) 



Notice that this solution, in the limit /3 -^ 0, correctly reduces to the one we found for the case with 



no field redefinition (see (3.30)). Hence the order of magnitude of B needed to get a Minkowski 
vacuum depends again on the Euler number and the choice of parameters a and b. 



B. De Sitter LVS for non-perturbative effects only at the singularity 

Let us now consider what happens in the simplest set-up with no D7/E3 non-perturbative effects 
but only with D3/E(-l) non-perturbative effects at the quiver locus. This corresponds to the case 



analysed in section 3.1 without the Tg superfield. 

Case without field redefinition 

The scalar potential then takes the form (neglecting the prefactor and writing (s) = g'g^^): 



2 ^-'■^■b/gs 

V=i{hbBf'--— 
a V 



3 C W§ 

4^3/2 V3 



(B.l) 



If C > there is no extremum whereas is (^ < the potential develops a maximum but not a 
minimum. We need therefore to consider again string loop effects which could come either from the 
visible sector cycle Tvs fixed by the interplay of D-terms and gs corrections: 



V, 



(vs) 



'^loop'^'^0 



loop 



V^^i 



(B.2) 



^In the case of a pure SU{N) gauge theory bo = 3N, and so /3 = N/{4tt). 
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or from the large cycle r;, as in ( |3.36 ). In order to get a minimum, we need to consider both (B.2) 



„(b) 



and (3.3(:) with c\' > 0. The potential becomes: 



-26/3, W2 >^ W^ 

T/ _ \ f \ ^^0 I loop f-D 0\ 

where: 

The equations V ~ 0, F" > and {V) = admit a solution at: 

(V> = y^H^oe^/- for C = ^ (^)''' </^^/(3.-~) ^ 0(VV3) , (B.5) 

corresponding to a Minkowski minimum at exponentially large volume. Notice that if C < then A2 



is always positive whereas for C > we need to tune cj^^' > gs Vv^Vs) in order to get a positive A2 . 
However this tuning would bring us to a regime where we cannot trust the perturbative expansions 
since: 



(vs) _3/2 



loop 



>^^~ff7'»l for T^s ^ g-^ - 0{\Q) . (B.6) 



e 

Hence we managed to obtain a dS LVS only for C ^ given that in this case no tuning is required 
on Cjqqp whereas the tuning on cJ^q does not ruin the perturbative expansion since from (B.5) we 
realise that: 

(b) 

^tl-'^,-0{V-''^)«l for V»l. (B.7) 

Case with field redefinition 

The scalar potential then takes the form (neglecting the prefactor and writing (s) — g'^^ and 
hhp = 1/2): 

i/s 

If ^ < there is just a maximum without any minimum. On the other hand, for positive C the 
equations V = 0, V" > and {V) = have a solution at: 



( ^"^ ] 14^2 2fc/g^ for n-3/2 - 3" 



(V) = TIT^TTT W^ ^''"'' for 37^/2 ^ _^^ ^ (g^g) 



corresponding to a Minkowski minimum at exponentially large volume. However given that a, C? 
h and 5 are all 0(1) numbers, (|B.9| ) shows that it is hard to tune gs to get a dS vacuum and still 
be in the perturbative regime where gs ^ 0.1. Hence, in order to get a trustable vacuum, we need 
again to consider the effect of string loop corrections. 



In the case C = 0, we need to consider only (B_^) whereas we can neglect ( 3.36 ) due to the 



volume suppression. In fact, now the dS minimum would be located at: 
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in a region where we can still trust the perturbative expansion since: 



C,, 
^loop 



e,— ~ ^i^ < 57I/2 « 1 for Tv, ^ 57I ^ 0(10) . (B.ll) 



The situation for C 7^ is more involved since, in order to get a minimum, we need also to consider 
the loop correction ( 3.3(]| ) coming from the large four-cycle. We can set again cll^' = without loss 



of generality since the loop corrections coming from the small cycle have the same volume scaling 
as the a' corrections and, as we have seen before, they are always subdominant in the regime where 
we can trust the perturbative expansion. The equations V = 0, V" > and {V) = admit a 
solution only for C < since for positive C the loops can never modify the leading order dynamics 
due to their subleading volume scaling. This dS LVS vacuum is located at: 

(V>^0(l)i^e2^/^= for cL^ip^O(l)^e2^/(3.= )^0(vV3), 

gs gs' 

in a region where we can still trust the perturbative expansion. Notice that again, as in the case 
without field redefinition, there is no minimum for ^ > 0. 

References 

[1] R. Blumenhagen, M. Cvetic, S. Kachru and T. Weigand, "D-Brane Instantons in Type II 
Orientifolds," Ann. Rev. Nucl. Part. Sci. 59 (2009) 269 [arXiv:0902.3251 [hep-th]]. 

[2] V. Balasubramanian, P. Berglund, J. P. Conlon, and F. Quevedo, "Systematics of moduli 

stabilisation in Calabi-Yau flux compactifications," JHEP 0503 (2005) 007, [arXiv:hep-th/0502058]; 
J. P. Conlon, F. Quevedo and K. Suruliz, "Large-volume flux compactifications: Moduli spectrum 
and D3/D7 soft supersymmetry breaking," JHEP 0508 (2005) 007 [liep-tli/0505076] . 

[3] M. Cicoli, J. P. Conlon and F. Quevedo, "General Analysis of LARGE Volume Scenarios with String 
Loop Modufi Stabilisation," JHEP 0810 (2008) 105 [arXiv:0805.1029 [hep-th]]. 

[4] S. Kachru, R. Kallosh, A. Linde, and S. P. Trivedi, "De Sitter vacua in string theory," Phys. Rev. 
D68 (2003) 046005, [arXiv:hep-th/0301240]. 

[5] C. P. Burgess, R. Kallosh, and F. Quevedo, "de Sitter string vacua from supersymmetric D-terms," 
JHEP 10 (2003) 056 [arXiv:hep-th/0309187]. 

[6] D. Cremades, M. -P. Garcia del Moral, F. Quevedo and K. Suruliz, "Moduli stabilisation and de 
Sitter string vacua from magnetised D7 branes," JHEP 0705 (2007) 100 [hep-th/0701154]. 

[7] S. Krippendorf and F. Quevedo, "Metastable SUSY Breaking, de Sitter Moduli Stabilisation and 
Kahler Modufi Inflation," JHEP 0911 (2009) 039 [arXiv:0901.0683 [hep-th]]. 

[8] D. Berenstein, C. P. Herzog, P. Ouyang and S. Pinansky, "Supersymmetry breaking from a 

Calabi-Yau singularity," JHEP 0509 (2005) 084 [hep-th/0505029]; S. Franco, A. Hanany F. Saad 
and A. M. Uranga, "Fractional branes and dynamical supersymmetry breaking," JHEP 0601 (2006) 
Oil [hep-th/0505040] ; M. Bertolini, F. Bigazzi and A. L. Cotrone, "Supersymmetry breaking at the 
end of a cascade of Seiberg dualities," Phys. Rev. D 72 (2005) 061902 [hep-th/0505055]; 

D. -E. Diaconescu, B. Florea, S. Kachru and P. Svrcek, "Gauge: mediated supersymmetry breaking 
in string compactifications," JHEP 0602 (2006) 020 [hep-th/0512170]; O. Aharony S. Kachru and 

E. Silverstein, "Simple Stringy Dynamical SUSY Breaking," Phys. Rev. D 76 (2007) 126009 



27- 



[arXiv:0708.0493 [hep-th]]; M. Buican and S. Franco, "SUSY breaking mediation by D-brane 
instantons," JHEP 0812 (2008) 030 [arXiv:0806.1964 [hep-th]]; M. Cvetic and T. Weigand, "A String 
theoretic model of gauge mediated supersymmetry beaking," arXiv:0807.3953 [hep-th]. 

[9] M. Bianchi, F. Fucito and J. F. Morales, "Dynamical supersymmetry breaking from unoriented 
D-brane instantons," JHEP 0908 (2009) 040 [arXiv:0904.2156 [hep-th]]. 

[10] B. Florea, S. Kachru, J. McGreevy and N. Saulina, "Stringy Instantons and Quiver Gauge Theories," 
JHEP 0705 (2007) 024 [hep-th/0610003]. 

[11] R. Argurio, M. Bertolini, S. Franco and S. Kachru, "Gauge/gravity duality and meta-stable 
dynamical supersymmetry breaking," JHEP 0701 (2007) 083 [hep-th/0610212]; R. Argurio, 
M. Bertolini, S. Franco and S. Kachru, "Meta-stable vacua and D-branes at the conifold," JHEP 
0706 (2007) 017 [AIP Conf. Proc. 1031 (2008) 94] [hep-th/0703236]. 

[12] S. B. Giddings, S. Kachru, and J. Polchinski, "Hierarchies from fluxes in string compactifications," 
Phys. Rev. D66 (2002) 106006, [arXiv:hep-th/0105097]. 

[13] M. Dine and N. Seiberg, "Is the Superstring Weakly Coupled?," Phys. Lett. B 162 (1985) 299. 

[14] M. Cicoli, C. Mayrhofer and R. Valandro, "Moduli Stabilisation for Chiral Global Models," 
arXiv: 11 10.3333 [hep-th]. 

[15] S. Kachru, J. Pearson and H. L. Verlinde, "Brane/Flux Annihilation and the String Dual of a 
Non-Supersymmetric Field Theory," JHEP 0206 (2002) 021 [arXiv:hcp-th/0112197]. 

[16] I. Bena, M. Grana, N. Halmagyi, "On the Existence of Meta-stable Vacua in Klebanov-Strassler," 
JHEP 1009 (2010) 087. [arXiv:0912.3519 [hep-th]]. 

[17] I. Bena, G. Giecold, M. Grana, N. Halmagyi and S. Massai, "On Metastable Vacua and the Warped 
Deformed Conifold: Analytic Results," arXiv:1102.2403 [hep-th]. 

[18] I. Bena, G. Giecold, M. Grana, N. Halmagyi and S. Massai, "The backreaction of anti-D3 branes on 
the Klebanov-Strassler geometry," arXiv:1106.6165 [hep-th]. 

[19] A. Dymarsky, "On gravity dual of a metastable vacuum in Klebanov-Strassler theory," JHEP 1105 
(2011) 053 [arXiv:1102.1734 [hep-th]]. 

[20] S. B. Giddings, A. Maharana, "Dynamics of warped compactifications and the shape of the warped 
landscape," Phys. Rev. D73 (2006) 126003. [hep-th/0507158]; A. R. Frey, A. Maharana, "Warped 
spectroscopy: Localization of frozen bulk modes," JHEP 0608 (2006) 021. [hcp-th/0603233]; 
C. P. Burgess, P. G. Camara, S. P. de Alwis, S. B. Giddings, A. Maharana, F. Quevedo, K. Suruliz, 
"Warped Supersymmetry Breaking," JHEP 0804 (2008) 053. [hep-th/0610255]. 

[21] M. Cicoli, M. Goodsell, J. Jaeckel and A. Ringwald, "Testing String Vacua in the Lab: From a 

Hidden CMB to Dark Forces in Flux Compactifications," JHEP 1107 (2011) 114 [arXiv:1103.3705 

[hep-th]]. 

[22] M. Haack, D. Krefl, D. Lust, A. Van Proeyen and M. Zagermann, "Gaugino Condensates and 
D-terms from D7-branes," JHEP 0701 (2007) 078 [hcp-th/0609211]. 

[23] M. Cicoh, M. Kreuzer and C. Mayrhofer, "Toric K3-Fibred Calabi-Yau Manifolds with del Pezzo 
Divisors for String Compactifications," JHEP 1202 (2012) 002 [arXiv: 1107.0383 [hep-th]]. 

[24] M. Cicoli, J. P. Conlon and F. Quevedo, "Systematics of String Loop Corrections in Type IIB 
Calabi-Yau Flux Compactifications," JHEP 0801 (2008) 052 [arXiv:0708.1873 [hep-th]]; 



28 



[25] A. Saltman and E. Silverstein, "The scaling of the no-scale potential and de Sitter model building," 
JHEP 0411 (2004) 066 [hep-th/0402135]; H. Abe, T. Higaki, T. Kobayashi and Y. Omura, "Moduh 
stabilization, F-term uplifting and soft supersymmetry breaking terms," Phys. Rev. D 75 (2007) 
025019 [arXiv:hep-th/0611024]; O. Lebedev, H. P. Nilles and M. Ratz, "De Sitter vacua from matter 
superpotentials," Phys. Lett. B 636, 126 (2006) [hep-th/0603047] . 

[26] T. W. Grimm, M. Kerstan, E. Palti and T. Weigand, "On Fluxed Instantons and Moduli Stabilisation 
in IIB Oricntifolds and F-theory," Phys. Rev. D 84 (2011) 066001 [arXiv:1105.3193 [hcp-th]]. 

[27] R. Blumenhagen, S. Moster and E. Plauschinn, "Moduli Stabilisation versus Chirality for MSSM like 
Type IIB Orientifolds," JHEP 0801 (2008) 058 [arXiv:071 1.3389 [hep-th]]. 

[28] D. Baumann, A. Dymarsky, I. R. Klebanov, J. M. Maldacena, L. P. McAllister and A. Murugan, "On 
D3-brane Potentials in Compactifications with Fluxes and Wrapped D-branes," JHEP 0611 (2006) 
031 [hep-th/0607050]. 

[29] J. P. Conlon and F. G. Pedro, "Moduh Redefinitions and Moduh Stabilisation," JHEP 1006 (2010) 
082 [arXiv: 1003.0388 [hep-th]]. 

[30] K. A. Intriligator and N. Seiberg, "The Runaway quiver," JHEP 0602 (2006) 031 [hep-th/0512347]. 

[31] J. P. Conlon and F. Quevedo, "Kaehler moduh inflation," JHEP 0601 (2006) 146 

[arXiv:hep-th/0509012]; J. R. Bond, L. Kofman, S. Prokushkin and P. M. Vaudrevange, "Roulette 
inflation with Kaehler moduli and their axions," Phys. Rev. D 75 (2007) 123511 
[arXiv:hep-th/0612197]; M. Cicoh, C. P. Burgess, F. Quevedo, "Fibre Inflation: Observable Gravity 
Waves from IIB String Compactifications," JCAP 0903 (2009) 013. [arXiv:0808.0691 [hep-th]]; 
C. P. Burgess, M. Cicoli, M. Gomez-Reino, F. Quevedo, G. Tasinato, I. Zavala, "Non-standard 
primordial fluctuations and nongaussianity in string inflation," JHEP 1008 (2010) 045. 
[arXiv: 1005.4840 [hep-th]]; M. Cicoli, F. Quevedo, "String moduli inflation: An overview," Class. 
Quant. Grav. 28 (2011) 204001. [arXiv: 1108.2659 [hep-th]]; M. Cicoh, F. G. Pedro and G. Tasinato, 
"Poly-instanton Inflation," JCAP 1112 (2011) 022 [arXiv:1110.6182 [hep-th]]; M. Cicoh, G. Tasinato, 
I. Zavala, C. P. Burgess and F. Quevedo, "Modulated Reheating and Large Non-Gaussianity in 
String Cosmology," arXiv:1202.4580 [hep-th]. 

[32] J. P. Conlon and F. Quevedo, "Gaugino and Scalar Masses in the Landscape," JHEP 0606, 029 

(2006) [hep-th/0605141]; J. P. Conlon, S. S. Abdussalam, F. Quevedo and K. Suruliz, "Soft SUSY 
Breaking Terms for Chiral Matter in IIB String Compactiflcations," JHEP 0701 (2007) 032 
[hep-th/0610129]; J. P. Conlon, C. H. Kom, K. Suruliz, B. C. AUanach and F. Quevedo, JHEP 0708 

(2007) 061 [arXiv:0704.3403 [hep-ph]]; B. C. AUanach, F. Quevedo and K. Suruliz, "Low-energy 
supersymmetry breaking from string flux compactiflcations: Benchmark scenarios," JHEP 0604 
(2006) 040 [hep-ph/0512081]. 

[33] R. Blumenhagen, J. P. Cordon, S. Krippendorf, S. Moster and F. Quevedo, "SUSY Breaking in Local 
String/F-Theory Models," JHEP 0909 (2009) 007 [arXiv:0906.3297 [hep-th]]. 

[34] J. P. Conlon and F. G. Pedro, "Moduh Redeflnitions and Moduh Stabilisation," JHEP 1006 (2010) 
082 [arXiv: 1003.0388 [hep-th]]; K. Choi, H. P. Nilles, C. S. Shin and M. Trapletti, "Sparticle 
Spectrum of Large Volume Compactiflcation," JHEP 1102 (2011) 047 [arXiv:1011.0999 [hcp-th]]. 

[35] S. P. de Alwis, "String Phenomenology and the Cosmological Constant," Phys. Lett. B 647 (2007) 
194 [hep-th/0607148]. 



29 



[36] S. P. de Alwis, "Classical and Quantum SUSY Breaking EflFects in IIB Local Models," JHEP 1003 
(2010) 078 [arXiv:0912.2950 [hep-th]]; "Constraints on LVS Compactifications of IIB String Theory," 
arXiv: 1202. 1546 [hep-th]. 

[37] J. P. Conlon and L. T. Witkowski, "Scattering and Sequestering of Blow-Up Moduli in Local String 
Models," arXiv:1109.4153 [hep-th]. 



30 



